We used Phytotyping 4D to investigate the contribution of clock and light signaling to the diurnal regulation of rosette expansion growth and leaf movement in Arabidopsis (Arabidopsis thaliana). Wild-type plants and clock mutants with a short (lhycca1) and long (prr7prr9) period were analyzed in a T24 cycle and in T-cycles that were closer to the mutants' period. Wild types also were analyzed in various photoperiods and after transfer to free-running light or darkness. Rosette expansion and leaf movement exhibited a circadian oscillation, with superimposed transients after dawn and dusk. Diurnal responses were modified in clock mutants. lhycca1 exhibited an inhibition of growth at the end of night and growth rose earlier after dawn, whereas prr7prr9 showed decreased growth for the first part of the light period. Some features were partly rescued by a matching T-cycle, like the inhibition in lhycca1 at the end of the night, indicating that it is due to premature exhaustion of starch. Other features were not rescued, revealing that the clock also regulates expansion growth more directly. Expansion growth was faster at night than in the daytime, whereas published work has shown that the synthesis of cellular components is faster in the day than at nighttime. This temporal uncoupling became larger in short photoperiods and may reflect the differing dependence of expansion and biosynthesis on energy, carbon, and water. While it has been proposed that leaf expansion and movement are causally linked, we did not observe a consistent temporal relationship between expansion and leaf movement.
We used Phytotyping 4D to investigate the contribution of clock and light signaling to the diurnal regulation of rosette expansion growth and leaf movement in Arabidopsis (Arabidopsis thaliana). Wild-type plants and clock mutants with a short (lhycca1) and long (prr7prr9) period were analyzed in a T24 cycle and in T-cycles that were closer to the mutants' period. Wild types also were analyzed in various photoperiods and after transfer to free-running light or darkness. Rosette expansion and leaf movement exhibited a circadian oscillation, with superimposed transients after dawn and dusk. Diurnal responses were modified in clock mutants. lhycca1 exhibited an inhibition of growth at the end of night and growth rose earlier after dawn, whereas prr7prr9 showed decreased growth for the first part of the light period. Some features were partly rescued by a matching T-cycle, like the inhibition in lhycca1 at the end of the night, indicating that it is due to premature exhaustion of starch. Other features were not rescued, revealing that the clock also regulates expansion growth more directly. Expansion growth was faster at night than in the daytime, whereas published work has shown that the synthesis of cellular components is faster in the day than at nighttime. This temporal uncoupling became larger in short photoperiods and may reflect the differing dependence of expansion and biosynthesis on energy, carbon, and water. While it has been proposed that leaf expansion and movement are causally linked, we did not observe a consistent temporal relationship between expansion and leaf movement.
Leaf expansion growth changes in a time-of-daydependent manner in Arabidopsis (Arabidopsis thaliana; Wiese et al., 2007; Poiré et al., 2010; Yazdanbakhsh et al., 2011; Ruts et al., 2012; Dornbusch et al., 2014; Apelt et al., 2015) . This is partly due to changes in carbohydrate allocation: while growth can use photosynthetically fixed C in the light, growth in the night depends on reserves like starch that accumulate in the light and are remobilized at night (Smith and Stitt, 2007; Graf et al., 2010) . Growth dynamics are partly due to changes in water status linked to increased evapotranspiration in the light (Pantin et al., 2011 (Pantin et al., , 2012 (Pantin et al., , 2013 . In addition, a role for the circadian clock is revealed by observations that growth oscillations are maintained in continuous light (LL; Wiese et al., 2007; Poiré et al., 2010; Dornbusch et al., 2014) .
The plant clock can be viewed as an interconnected repressilator with coupled dawn, day, dusk, and evening loops (Nakamichi, 2011; Pokhilko et al., 2012; Carré and Veflingstad, 2013; Fogelmark and Troein, 2014; Supplemental Fig. S1 ). The dawn genes LATE ELONGATED HYPOCOTYL (LHY) and CIRCADIAN CLOCK ASSOCIATED1 (CCA1) peak at around dawn, followed by the day genes (PSEUDO RESPONSE REGULATOR7 [PRR7] and PPR9), the dusk genes (PRR5, TIME OF CAB EXPRESSION1 [TOC1], and GIGANTEA), and evening complex (EC) components (EARLY FLOWERING3 [ELF3] , ELF4, and LUX ARRHYTHMO). In some cases, the molecular interactions between clock components are still a matter of debate; for example, whereas earlier models proposed a positive interaction between the dawn and day genes, recent studies indicate that CCA1 and LHY directly repress the expression of PRR7 and PRR9 (Adams et al., 2015; Kamioka et al., 2016) . Sequential expression of these core clock components orchestrates successive waves of the expression of output genes, affecting up to half the transcriptome (Harmer et al., 2000; Michael et al., 2008) . The clock has a period of about 24 h, but this is shortened to about 17 h in the lhycca1 double mutant (Alabadí et al., 2002; Mizoguchi et al., 2002; Salomé and McClung, 2005) and extended to 28 to 32 h in the prr7prr9 double mutant (Farré et al., 2005; Salomé and McClung, 2005; Flis et al., 2015) .
The circadian regulation of expansion growth has been studied intensively in germinating seedlings. Hypocotyl elongation typically occurs close to dawn in a light-dark cycle and close to subjective dusk in LL (Dowson-Day and Millar, 1999; Nozue et al., 2007) . The clock acts via EC, whose activity peaks at dusk and represses the growth-promoting transcription factors PHYTOCHROME INTERACTING FACTOR4 (PIF4) and PIF5 (Nusinow et al., 2011) . The elf3 mutant has a strongly elongated hypocotyl (Dowson-Day and Millar, 1999; Niwa et al., 2009; Nusinow et al., 2011) , PIF4 overexpression also leads to long hypocotyls (Sun et al., 2012) , and pif4pif5 has shorter hypocotyls than wild-type plants (Lorrain et al., 2008) . ELF3 also directly interacts with PIF4 to regulate hypocotyl elongation in an EC-independent manner (Nieto et al., 2015) .
Less is known about the circadian regulation of expansion growth in vegetatively growing plants. Ruts et al. (2012) showed that CCA1-expressing lines and the arrhythmic prr5prr7prr9 mutant exhibit decreased leaf expansion growth at night relative to the light period. Dornbusch et al. (2014) reported that leaf elongation peaked at ZT2 to ZT4 (Zeitgeber time scale) in wild-type plants and that this peak was shifted forward to close to dawn in elf3 mutants, whereas PIF4 overexpressors and pif4pif5 double mutants resembled wild-type plants except for a smaller amplitude of the oscillation in pif4pif5 (Dornbusch et al., 2014) . Root elongation peaks at about ZT2 in wild-type Arabidopsis, and a growth oscillation is maintained in LL, whereas in elf3 root, elongation peaks at about ZT12 in a light-dark cycle and occurs throughout the 24-h cycle in LL (Yazdanbakhsh et al., 2011) . These findings point to different mechanisms underlying circadian rhythms of expansion in young hypocotyls, seedling roots, and rosette leaves.
In vegetatively growing plants, the clock also may exert an indirect effect on growth via its role in the regulation of starch turnover. The C supply limits the growth of Arabidopsis in short or neutral (i.e. having a similar length of day and night) photoperiods (Gibon et al., 2009; Hädrich et al., 2012; Sulpice et al., 2014) . The clock paces the rate of starch breakdown such that starch is almost exhausted at the next anticipated dawn (i.e. ;24 h after the previous dawn in wild-type plants; Lu et al., 2005; Smith and Stitt, 2007; Graf et al., 2010; Graf and Smith, 2011; Pyl et al., 2012; Stitt and Zeeman, 2012; Scialdone et al., 2013) . Starch is prematurely exhausted in the short-period lhycca1 double mutant and when wild-type plants are grown in a 14-h-light/ 14-h-dark regime (T28 cycle), whereas large amounts of starch remain at dawn when wild-type plants are grown in an 8.5-h-light/8.5-h-dark cycle (T17 cycle; Graf et al., 2010; Graf and Smith, 2011; Scialdone et al., 2013) . Studies in the starchless pgm mutant (which lacks plastidial phosphoglucomutase) have shown that the exhaustion of C reserves activates protein catabolism and inhibits protein and cell wall synthesis and leaf expansion (Gibon et al., 2004; Usadel et al., 2008; Izumi et al., 2013; Apelt et al., 2015; Ishihara et al., 2015) . The importance of the circadian regulation of starch turnover is illustrated by the observation that root elongation is inhibited in the last hours of the night in lhycca1, following the premature exhaustion of starch, and this inhibition is reversed by adding Suc to the growth medium (Yazdanbakhsh et al., 2011) . Yanovsky and Kay (2002) and Dodd et al. (2005) proposed that growth deficits in mutants with an altered clock period can be reversed by matching the duration of the external lightdark cycle to the internal clock period, and Graf et al. (2010) proposed that this can be partly explained because starch degradation is paced to dawn, as anticipated by the clock in a given genotype. Nevertheless, toc1 and ztl mutants grew better under T24 than either T20 or T28, independently of their endogenous period (Graf et al., 2010) , indicating that these mutants are impaired in growth for other reasons than a mismatch between clock period and the external light-dark cycle.
Plants also show rhythmic changes in leaf angle, termed hyponasty (Whippo and Hangarter, 2009; Dornbusch et al., 2012 Dornbusch et al., , 2014 . Hyponastic movement is regulated by the clock (Farré, 2012) . In species that show rapid reversible leaf movement, like members of the Leguminosae, movement is mediated by turgor changes in specialized cells at the base of the petiole, termed the pulvini (Whippo and Hangarter, 2009) . In species that lack pulvini, like Arabidopsis, movement is thought to be due to differential enlargement of cells in the adaxial and abaxial regions of the petiole (Polko et al., 2012; Rauf et al., 2013) . Little is known about the causal relationship between leaf expansion and leaf movement. Dornbusch et al. (2014) noted a time delay of ;3 h between leaf elongation and leaf movement. It is uncertain if this delay reflects a sequential chain of events or is due to them being regulated at different times by a third factor like the clock.
In the past, analysis of leaf expansion and leaf movement was hampered by a lack of imaging methods to deconvolute their overlapping effects (Spalding and Miller, 2013) . In a two-dimensional (2D) image, it is difficult to distinguish whether a change in apparent object size is due to an actual change in size of the object, movement of the object toward or away from the camera, or a change in the angle subtended by the object. Typical growth rates of Arabidopsis are 0.2 to 0.3 mg fresh weight mg 21 fresh weight d 21 (Sulpice et al., 2014) , which is of the order of 1% per hour, whereas Arabidopsis leaf angle can change by several degrees per hour (Dornbusch et al., 2014; Apelt et al., 2015) . Two complementary technologies were recently developed to deconvolute leaf elongation or leaf expansion from leaf movement. One combines 2D camera images with laser scanning to reconstruct a three-dimensional (3D) image of an Arabidopsis rosette (Dornbusch et al., 2012) . The other, called Phytotyping 4D , uses a light-field (plenoptic) camera that delivers a 2D focus image and a distance image, which are combined to reconstruct a 3D surface image (Apelt et al., 2015) . Phytotyping 4D was used previously to compare diurnal changes in leaf expansion and leaf movement in wildtype Columbia-0 (Col-0) and the starchless pgm mutant (Apelt et al., 2015) . We now use Phytotyping 4D to investigate the role of the clock in regulating rosette expansion and hyponasty in Arabidopsis.
RESULTS

Experimental Setup and Imaging System
Rosette relative expansion rate (RER; the increase in area per unit of area per hour [mm 2 mm 22 h 21 ]) and leaf movement were monitored using a light-field camerabased imaging system (Apelt et al., 2015; Supplemental Fig. S2; Supplemental Methods S1) . The experiments are listed in Supplemental Table S1 . The first experiment compared lhycca1, prr7prr9, and the corresponding wild types (Wassilewskija-2 [Ws-2] and Col-0) in a 12-h-light/ 12-h-dark T24 cycle. lhycca1 is defective in dawn clock components and has a short period, whereas prr7prr9 is defective in day components and has a long period (see introduction and Supplemental Fig. S1 ). The second experiment investigated lhycca1 and Ws-2 in a T17 cycle (8.5 h of light/8.5 h of dark) and prr7prr9 and Col-0 in a T28 cycle (14 h of light/14 h of dark). Phenotypes of clock mutants with an altered period can be due to a mismatch between the internal clock period and the external lightdark cycle and/or to loss of clock outputs Dodd et al., 2005; Graf et al., 2010) . This experiment was designed to reveal which features of the phenotype are recovered by matching the external lightdark cycle to the internal clock period and are probably due to the change in clock period and which are not recovered in a matching T-cycle and are probably due to loss of outputs that require the mutated clock components. In addition, this experiment should reveal what happens when wild-type plants are grown in a nonmatching external cycle. The third experiment investigated elf3, pif4pif5, and the corresponding wild types ). These mutants are deficient in genes that regulate the timing of hypocotyl elongation (Nusinow et al., 2011) . They were analyzed for diurnal changes of leaf elongation and hyponasty in vegetatively growing plants under strong far-red light by Dornbusch et al. (2014) . The above experiments were all performed in a neutral photoperiod. To distinguish between endogenous rhythms and acute responses to light, we also analyzed RER and leaf movement in wild-type plants growing in an 8-h/16-h (short day [SD] ) or a 16-h/ 8-h (long day [LD]) light-dark cycle and after transfer to LL or continuous darkness (DD).
Experiments were typically performed on 10 to 20 plants for seven light-dark cycles, usually starting 17 d after sowing (DAS), with images being captured every 12 min for each plant (Supplemental Table S1 ). To calculate time-resolved estimates of RER and leaf angles, data for each plant were averaged across all the light-dark cycles, means and SD across replicates were computed, and the resulting time series were smoothed using a 1-h sliding median. Examples of photographic images are provided in Supplemental Figure S3 , and average values for the increase in total rosette area with time are provided in Supplemental Figure S4 . Analysis of data for wild-type Col-0 and Ws-2 growing in a neutral T24 photoperiod revealed that variations in RER and leaf angle were equally partitioned between replicate plants and the day of measurement (Supplemental Fig. S5A ). Heat maps showing the time series for individual plants averaged across 7 d for prr7prr9, lhycca1, and the wild types Col-0 and Ws-2 are provided in Supplemental Figure S5B . Time series for each individual plant are provided for all genotypes and treatments in Supplemental Figure S6 . Agreement between individual plants was very good for leaf angle and reasonable for RER, although there was sometimes more noise (especially for Ws-2 and lhyccca1 in T17 and elf3 in T24). As experimental noise was higher in the RER measurements, we carried out independent Student's t tests, which were applied to each time point individually as well as to 1-h sliding windows and two-way ANOVA with genotype and plant as factors. All tests were applied before averaging and smoothing the time series (Supplemental Fig. S7 ). We found that significant differences between time series were mainly due to genotype, while plant and interaction between genotype and plant had negligible contributions. As discussed by Apelt et al. (2015) , one major source of noise is high leaf angle, with noise increasing as leaf angle rises above 25°f or much of the rosette area. The proportion of the rosette surface at different leaf angles is illustrated for exemplary treatments in Supplemental Figure S8 . An additional source of noise in elf3 was the long hypocotyl, which led to plants sometimes changing their tilt and introducing noise into the data series, including areas of the rosette with a negative angle.
Diurnal Changes in RER in Wild Types and Clock Mutants in a Neutral T24 Cycle
We first present results for RER ( Figs. 1 and 2 ; Supplemental Fig. S9 ). The plots include P values obtained using independent Student's t tests (denoted p t ), comparing data within a sliding window of 1 h, and significant P values (P , 0.05) from Student's t tests for single time points shown as dots above the bottom panel; for additional analyses including two-way ANOVA, see Supplemental Figure S7 .
The diurnal changes of RER in Col-0 in a 12-h photoperiod (Fig. 1A) resemble those reported by Apelt et al. (2015) . After dawn, there was a rapid decline to a minimum at about ZT1, a recovery to a peak at about ZT4, a slow decline during the remainder of the light period, a large transient increase and decrease after dusk, and a gradual increase until ZT18 to a rate similar to or slightly higher than in the last part of the light period. This rate was maintained until the end of the night. The decrease immediately before dawn may be partly an artifact of time averaging, as the very low or even negative RER after dawn will depress the estimated rate immediately before dawn. Diurnal changes in Ws-2 (Fig. 1B) and Col-4 (Supplemental Fig. S9A ) resembled that in Col-0, except that the peak at ZT4 was more marked in Ws-2.
Compared with the reference wild type Col-0, prr7prr9 showed increased RER toward the end of the night (ZT20-ZT24) and low RER in the first half of the light period (ZT0-ZT8; Fig. 1A ). Compared with the reference wild type Ws-2, lhycca1 (Fig. 1B) showed higher RER after dawn (ZT0-ZT2), an attenuated peak at ZT4, similar RER for most of the remaining light period, higher RER just before dusk (ZT11), an attenuated stimulation of RER after dusk (ZT13 and ZT14), lower RER between ZT14 and ZT16, and a decrease of RER to low values between ZT21 and ZT24. The changes in prr7prr9 and lhycca1 could be seen in almost all individual plants (Supplemental Figs. S5 and S6) . They were highly significant after Student's t testing with a 1-h sliding window (p t , 0.00001; Fig. 1, A and B) and were also significant in Student's t tests and two-way ANOVAs on individual time points (P , 0.05; Fig. 1, A and B; Supplemental Figs. S7 and S9, A and B) . Diurnal changes in pif4pif5 resembled those in Col-4 (Supplemental Figs. S7E and S9A), with the only sustained significant difference (p t , 0.01) being a smaller peak at ZT4. elf3 mutants have an extreme growth phenotype with elongated hypocotyls and high leaf angle (Zagotta et al., 1996; Dowson-Day and Millar, 1999; Dornbusch et al., 2014; Supplemental Fig. S3) . This led to fluctuations in image acquisition, and the estimates of RER are extreme approximations (Supplemental Figs. S6, S7F, and S9B) .
Diurnal Changes in RER in lhycca1 and prr7prr9 in Non-T24 Light-Dark Cycles A matching T28 cycle rescued some features of the diurnal growth phenotype of prr7prr9 (compare Fig. 1 , C and A). RER declined in prr7prr9 in the last part of the night in a T28 cycle, whereas it remained high until the end of the night in a T24 cycle. This decline was significant when the time series for prr7prr9 in T24 and T28 were aligned on dawn (Supplemental Fig. S10A ). Nonetheless, RER at the end of the night was still higher in prr7prr9 in T28 than in Col-0 in T24 (Supplemental Fig. S10B ). However, other features were not rescued, including the low RER in the first 3 to 4 h of the light period, which was observed in both T28 and T24 cycles. A matching T17 cycle rescued some but not all features for lhycca1 (compare Fig. 1, D and B) . Whereas RER was almost zero in the last 4 h of the night in a T24 cycle, growth continued until the end of the night in a T17 cycle (Supplemental Fig. S10 , C and D). However, lhycca1 still showed high RER in the first 1 to 4 h of the light period. The growth of wild types in non-T24 cycles leads to a mismatch between the external cycle and the internal clock period. When Col-0 was grown in T28, RER declined to low levels earlier in the night than in T24, and RER increased immediately after dawn instead of showing a transient minimum, as in T24 (compare Fig. 1 , C and A). Comparison of dawn-aligned time series revealed that the decline in T28 was significant (Supplemental Fig. S10E ). When Ws-2 was grown in T17, the transient inhibition of growth after dawn and the peak at ZT4 were attenuated (compare Fig. 1, D Col-0 and Ws-2 also showed a transient inhibition of RER after dawn and a transient stimulation of RER after dusk when they were grown in SD and LD (Fig. 2, A and B) . Visual inspection of the diurnal RER pattern in short, neutral, and long photoperiods (Figs. 1, A and B, and 2) reveals that the transient peak after dusk shifts back with the timing of dusk, indicating that it is a response to darkening (see below for additional data analyses).
Oscillations of RER after Transfer to LL or DD
To further distinguish between circadian and light responses, Col-0 and Ws-2 were grown for 19 d in a 12-h-light/12-h-dark cycle and shifted to LL for 96 h (Fig. 3, A and B) . RER time series were collected for three light-dark cycles before and four cycles after the shift. As the RER estimates for each cycle were calculated separately, there was more noise than in light-dark cycles, where values were averaged across seven cycles. Nevertheless, the main features of the RER diurnal response in Figure 1 , A and B, were recapitulated in the light-dark cycles in Figure 3A . After transfer to LL, there was a sustained oscillation of RER, which was stronger in Ws-2 than in Col-0. An averaged RER time series for the last three LL cycles (Fig. 3B ) revealed an oscillation of RER with a peak at about ZT4, which was more marked in Ws-2 than in Col-0. Fourier analysis revealed a period of about 24 h in both wild types, which was better defined in Ws-2 than in Col-0 (Fig. 3, C and D) . Comparison of measured and randomized data revealed very high z-scores, indicating that the oscillations are significant (Fig. 3, C and D) , RER did not decrease after subjective dawn or increase after subjective dusk, providing more evidence that these transients are responses to light. We also grew Col-0 and Ws-2 for 19 d in a 12-h-light/12-hdark cycle and shifted them to DD (Supplemental Fig. S9, C and D) . RER decreased to very low values within 2 to 3 h of extended darkness, as reported previously for root elongation (Yazdanbakhsh et al., 2011) .
Comparison of Diurnal Changes in RER across Genotypes and Light Regimes
To allow unbiased comparison, we employed a correlation-based analysis to identify which combinations of T-cycles, photoperiods, and genotypes show . Diurnal RER was averaged for each plant over all sequential T-cycles, and means and SD were computed for n $ 20 plants for each genotype, represented by lines and colorshaded areas, respectively, and a sliding median filter with a window of 1 h was applied (Supplemental Table S1 ; Supplemental Figs. S4-S7). Time is given in hours after dawn (ZT). Points above the bottom panels denote significant P values (P , 0.05) from individual Student's t tests for differences in mean RER for nonsmoothed data (Supplemental Fig. S7 ), and bottom panels indicate P values from Student's t tests applied over a 1-h sliding window, where P , 0.05 (dashed gray line) was considered significant. similar and which show deviating diurnal RER patterns (Fig. 4) . Time-resolved RER values for different genotypes in the same light regime can be plotted directly against each other. The example in Figure 4A shows that there is no correlation between the RER time series data for the short-period mutant lhycca1 and the longperiod mutant prr7prr9 in a 12-h photoperiod. To correlate treatments with different T-cycle lengths, we aligned them by removing equidistant data points of the longer T-cycle to leave the same number of data points as in the shorter T-cycle (e.g. the T28 cycle was aligned to the T24 cycle by removing every seventh data point from the T28 cycle; Fig. 4B ). In comparisons of treatments with different photoperiods, we decided to align the dawns and the dusks, because the large transients after dusk were clearly aligned to dusk rather than the clock cycle. To do this, we differentially removed points in the light and dark periods (e.g. the 16-h photoperiod was aligned to the 12-h photoperiod by removing every fourth data point in the light period from the 16-h photoperiod data set and every third data point in the night from the 12-h photoperiod data set). Squared Pearson correlation coefficients (r 2 ) were calculated for all pairwise comparisons and used to group the treatments. Therefore, the resulting correlation matrix was clustered using hierarchical single-linkage clustering with a Euclidean distance measure. The number of clusters was chosen based on the silhouette scores, which measure the cluster quality (Rousseeuw, 1987; Supplemental Fig. S11A) .
Applying the same clustering procedure to RER in all the neutral photoperiod treatments (Fig. 4C ) yielded a cluster containing all the wild types (Col-0, both Ws-2 data series, and Col-4; indicated in orange) in a T24 cycle, a second cluster containing two treatments in which clock period is shorter than the T-cycle (Col-0 in T28 and lhycca1 in T24; indicated in cyan), and a third cluster containing treatments where clock period is longer than the T-cycle (Ws-2 in T17, prr7prr9 in T24, and prr7prr9 in T28; indicated in green). prr7prr9 in T28 is quite highly correlated (r 2 = 0.63) with prr7prr9 in a T24 cycle but less strongly with Ws-2 in a T17 cycle (r 2 = 0.31), indicating that its assignment is driven by prr7prr9 features. pif4pif5 was intermediate between the wild types in T24 and treatments where the clock period was longer than the T-cycle. lhycca1 in T17 differed markedly from the other treatments. elf3 was even less weakly related, but this may be due at least partly to noise. Inclusion of the short-photoperiod and longphotoperiod Col-0 and Ws-2 data did not alter the basic cluster structure (Supplemental Fig. S11B ). Col-0 and Ws-2 in SD clustered with treatments in which clock period is longer than the T-cycle. The LD treatments were separated from the SD treatments: Col-0 in LD grouped close to Col-0 and other wild types in a 12-h-light/12-h-dark cycle, and Ws-2 in LD grouped closer to the treatments where the clock period is shorter than the T-cycle (Col-0 in T28 and lhycca1 in T24). Although the Arabidopsis clock is predominantly dawn dominant (i.e. entrained to dawn; Seaton et al., 2015; Song et al., 2015) , photoperiod does affect clock phase, with a progressive delay in the time at which clock transcripts peak as the photoperiod is lengthened (Flis et al., 2016) . This may explain why SD treatments group with the treatments where the clock period is longer than the T-cycle and Ws-2 in LD groups close to treatments where the clock period is shorter than the T-cycle. The differing grouping of the Ws-2 and Col-0 LD treatments might be due to the circadian component being more marked in Ws-2 (Fig. 3) .
To aid the inspection of the transients after dawn and dusk, we aligned sections of each time series on dawn and dusk (Fig. 5 ). There was a transient decrease in RER after dawn, followed by a peak at about ZT4 in almost all genotypes, T-cycles, and photoperiods (Fig. 5A ). The transient inhibition was less marked in lhycca1 in a T24 cycle and, especially, in a T17 cycle. RER increased after dusk in all treatments, peaking at 1.5 to 2 h after dusk in Col-0, Ws-2, and prr7prr9 in a 12-h-light/12-h-dark cycle and slightly earlier in other treatments (Fig. 5B) .
Summarizing, first, the diurnal pattern of RER in wild-type plants includes a circadian component that is more marked in Ws-2 than in Col-0 as well as a transient decrease in RER after the dark-light transition and a transient stimulation of RER after the light-dark transients. Second, the results for wild-type plants and clock mutants support the idea that the diurnal pattern of RER is altered when there is a mismatch between the internal clock period and the external light-dark cycle, with partly opposing responses when the clock period is longer or shorter than the external T-cycle. This is especially clear for the wild-type treatments, whereas lhycca1 and prr7prr9 are only partly rescued by matching the T-cycle to the internal clock period. Third, this incomplete rescue indicates that the dawn and day clock components also may exert a more direct impact on RER.
Average RER across the Entire Cycle, the Light Period, and the Dark Period It has been reported, based on measurements of final biomass, that growth is fastest when the internal clock period matches the duration of the external light-dark cycle (see above). The complex temporal dynamics of RER make it difficult to see, from time-resolved plots, how much growth occurs in a complete light-dark cycle. It is also difficult to see how much growth occurs during the daytime and the night. Therefore, we calculated average RER (expansion growth per hour averaged ) between rescaled RER time series of different wild-type and mutant plants. Clustering was performed using hierarchical single-linkage clustering with a Euclidean distance measure. The number of clusters was determined using silhouette scores (Supplemental Fig. S11A ), and the resulting clusters are color coded (1, red; 2, blue; 3, green; 4, black; 5, orange; 6, cyan). Time is given in hours after dawn (ZT) or, for rescaled data, as a percentage of the T-cycle length. The original time series data are shown in Figure 1 and Supplemental Figure S9 . Ws2_24 and Ws2_2_24 refer to the Ws-2 data series in a 12-h-light/12-h-dark cycle in Figure 1B and Supplemental Figure S9B , respectively. For an analysis that also includes wild-type plants grown in short and long photoperiods, see Supplemental Figure S11B .
over the time interval) across an entire light-dark cycle, in the daytime, and at night ( Table I ; P values of pairwise comparisons are shown in Supplemental Fig. S12 ). Average RER can be compared between T-cycles because they have the same proportion of light and darkness.
Ws-2 grew more slowly in a T17 cycle than a T24 cycle (p t , 0.001), and lhycca1 grew more quickly in a T17 cycle than a T24 cycle (p t , 0.001). Nevertheless, lhycca1 in a T17 cycle still grew more slowly than Ws-2 in a T24 cycle (p t , 0.01). Col-0 grew more slowly in a T28 cycle than a T24 cycle (p t , 0.001), but prr7prr9 grew only slightly and nonsignificantly faster in a T28 cycle than a T24 cycle (p t $ 0.05). It should be noted that, whereas in a T24 cycle, lhycca1 grew much more slowly than Ws-2 (p t , 0.001), prr7prr9 was not significantly different from Col-0 (p t $ 0.05). Plant images (Supplemental Fig. S3 ) and estimated rosette areas (Supplemental Fig. S4A ) reveal that prr7prr9 was smaller than Col-0. The small size of prr7prr9 might be due to slow growth before 17 DAS, when RER measurements started, or because the decrease in RER was too small to detect at a significant level.
We conclude that average RER increases in lhycca1 and prr7prr9 when they are grown in a T-cycle that matches their internal clock period but does not recover to the value found for the corresponding wild type in a T24 cycle. This is consistent with the idea that growth is decreased in these clock mutants by two factors: mismatch between the clock period and the external lightdark cycle as well as more direct effects on clock outputs.
Comparison of Average RER and the Rate of Deposition of C in Structural Biomass
In wild-type plants, average RER was higher in the night than in the daytime (Table I) . For example, for Col-0, average RER is 92%, 50%, and 33% higher at night than in the light period in short (8-h), neutral (12-h), and long (16-h) photoperiods, respectively (Table  I ; Supplemental Fig. S13A ). Growth was 33% faster in the night than in the daytime in Col-0 in a T28 cycle but not in Ws-2 in a T17 cycle. The relation between daytime and night growth was modified in clock mutants. In prr7prr9, preferential nighttime growth was even more marked (179% and 57% higher average RER at night than in the daytime in T24 and T28, respectively), whereas in lhycca1, average RER was higher in the daytime than at night (11% and 25% in T24 and T17 cycles, respectively). Sulpice et al. (2014) used measurements of photosynthesis, respiration, starch, and other metabolites at dawn and dusk to estimate the average rate of C deposition in structural biomass in the light and dark periods, using Col-0 growing in similar conditions to this study. They found that the rate of synthesis of structural cellular components was 3-to 4-fold faster in the daytime than in the night in short and neutral photoperiods and slightly higher in the daytime than in the night in long photoperiods (summarized in Supplemental  Fig. S13B) . We compared the ratio of average RER in the night and the daytime in Col-0 with the ratio of the rate of synthesis of structural biomass in the night and the daytime (Fig. 6A) . The dotted line indicates what would be expected if expansion growth and the synthesis of structural biomass occur in parallel. The estimated values lie below the line, showing that the synthesis of cellular components predominates in the daytime and expansion growth predominates at night. The discrepancy increases from a factor of 2 in LD to a factor of 10 in SD. We also multiplied average RER in the light and at night by the duration of the light period and night to calculate how much of the daily expansion growth occurs in the light period and the night. A similar calculation was performed for the synthesis of structural cellular components. As shown in Figure 6B , a larger proportion of the daily expansion growth occurs at night and a larger fraction of the RER and the change in hyponasty (h). The time shift of growth and hyponasty was studied using cross-correlation (Supplemental Fig. S18) , with all mentioned correlations having significant P values (P , 0.001), and the amplitude of leaf angles are given. daily synthesis of structural biomass occurs in the light period, with the disproportion becoming larger in SD.
Hyponastic Leaf Movements
Diurnal changes of leaf angle in the various genotypes, T-cycles, and photoperiods and after transfer of wild-type plants to LL and DD are shown in Figures 7 and 8. The degree of similarity between the different treatments was analyzed by pairwise correlation of time series and by aligning data series with different T-cycles or photoperiods as described above for RER ( Fig. 9A; Supplemental Fig. S14B ). Transients early in the light and dark periods were compared by aligning the response to dawn and to dusk (Fig. 9 , B and C; Supplemental Figs. S15 and S16).
The three wild types showed similar timing of hyponastic movement in a 12-h-light/12-h-dark cycle (Fig. 7, A and D) . Leaf angle decreased after dawn to a minimum at about ZT2, recovered to a weak maximum at about ZT8 to ZT12, increased sharply about 1 h after dusk, increased further until about ZT20, and then decreased. Pairwise comparisons gave squared Pearson correlation coefficients (r 2 ) of 0.79, 0.95, and 0.87 between Col-0 and Ws-2, Col-0 and Col-4, and Col-4 and Ws-2, respectively (Fig. 9) . As already seen for RER, leaf movement had a larger amplitude in Ws-2 than in Col-0 or Col-4 (Fig. 7, A and D) .
We compared lhycca1 and prr7prr9 with the corresponding wild types. In prr7prr9, the rise in leaf angle in the light period was abolished and the decline at night was delayed compared with Col-0 (Fig. 7A) . lhycca1 showed a decrease in leaf angle after dawn and a rise after dusk, as in Ws-2 (Figs. 7B and 9B; Supplemental Fig. S16 ). However, leaf angle declined earlier in the night in lhycca1 than in Ws-2. In addition, lhycca1 showed a slight rise just before dawn rather than continuing to decline as in Ws-2. Leaf angles in elf3 showed only a small decrease after dawn, a much weaker and delayed rise after dusk, and little or no decline at the end of the night (Fig. 7D) . Compared with Col-4, pif4pif5 showed a similar response in the light but a smaller increase in angle after dusk and generally smaller angles in the dark.
The small leaf angles in pif4pif5 might be partly due to decreased petiole length preventing high angles (Lorrain et al., 2008; Dornbusch et al., 2014) . Phenotyping 4D provides information about petiole length (Supplemental Fig.  S17 ). There is no simple relationship between petiole length and the amplitude of the diurnal changes in leaf angle. pif4pif5 had shorter petiole length and smaller hyponasty amplitudes than Col-4, Ws-2 had similar petiole length to Col-4 but higher amplitudes, and elf3 had the longest petioles, a high leaf angle, with small amplitude.
We asked if the hyponasty phenotypes of lhycca1 and prr7prr9 are rescued by matching the clock period with the external light-dark cycle (Fig. 7B) . lhycca1 hyponasty was rescued in a T17 cycle, showing a very high correlation to Ws-2 in T24 (r 2 = 0.86). prr7prr9 showed little or no change in a T28 cycle compared with a T24 cycle (r 2 = 0.89), in particular leaf angle remained low in the light (Fig. 7C) . Col-0 and, to a lesser extent, prr7prr9 showed a rise in angle before dawn in a T28 cycle. This resembled the rise before dawn in lhycca1 in a T24 cycle or in elf3 in a T24 cycle.
We also compared Col-0 and Ws-2 in different photoperiods (Fig. 7, E and F) . The two accessions showed very similar timing of hyponastic responses in SD (r 2 = 0.83) and LD (r 2 = 0.92; the photoperiod data series were aligned on dawn and dusk [see above]). The amplitude of the hyponastic changes, including the rise in leaf angle after ZT2, was again larger in Ws-2 than in Col-0. In both accessions, the increase in leaf angle after ZT2 was more pronounced in longer photoperiods. Figure S10A . The data for the deposition of C in structural biomass are from Sulpice et al. (2014) , and the calculation and data are summarized in Supplemental Figure S13B . RER and C deposition in biomass are averaged across the night, the light period, or the entire 24-h cycle. A, Ratio of average RER in the light period and the night compared with the ratio of the rate of deposition of C in structural biomass in the light period and the night. Ratios are shown for Col-0 growing in LD (16-and 18-h photoperiods), neutral day (ND; 12-h photoperiod), and SD (8-h photoperiod) conditions. B, Proportion of the total daily RER and proportion of the total daily deposition of C in structural biomass that occurs at night in LD (16-and 18-h photoperiods), ND (12-h photoperiod), and SD (8-h photoperiod) conditions.
Irrespective of photoperiod duration, there was always a decrease in angle before and after dawn and a delayed increase in angle 1 to 4 h after dusk.
Hyponastic Movements of Wild-Type Plants in LL or DD
Hyponastic responses in Col-0 and Ws-2 were modified after transfer to free-running light (Fig. 8A) . The transient decrease in angle after dawn and the increase in angle after dusk were abolished, and a smooth oscillation emerged with a peak toward the end of the subjective light period and a trough around subjective dawn. This resembles recent studies with Col-0 (Dornbusch et al., 2014; Greenham et al., 2015) . The amplitude was larger in Ws-2 than in Col-0, matching the larger rise in leaf angle at ZT4 to ZT8 in a light-dark cycle in Ws-2 than in Col-0 (Fig. 7, A and D) . The increased amplitude of leaf angle in Ws-2 is reminiscent of the large RER oscillation in Ws-2 (Fig. 3, A and B) . After transfer to DD, the decrease in leaf angle at ZT2 was abolished and leaf angle instead rose strongly between ZT8 and ZT12 and then remained high (Fig. 8B) .
Correlation-Based Cluster Analysis of Hyponasty across Genotypes and Treatments
A correlation-based cluster analysis for all neutral photoperiod treatments is presented in Figure 9A . Based on the silhouette scores (Supplemental Fig. S14A ), we again selected six clusters. One cluster contained both Ws-2 data series (indicated in cyan; from the experiments of Fig.   1 and Supplemental Fig. S9 ) and was very closely related to a second cluster containing the other treatments in which genotypes were growing in a T-cycle that corresponded to their internal clock period (Col-0 and Col-4 in a T24 cycle, pif4pif5 in a T24 cycle, and lhycca1 in a T17 cycle; indicated in green). Within this cluster, pif4pif5 grouped closely with the corresponding wild-type Col-4 and more loosely with Col-0. The third cluster contained plants growing in a T-cycle that was shorter than their internal circadian rhythm (Ws-2 in a T17 cycle and prr7prr9 in a T24 cycle) as well as prr7prr9 in T28 (indicated in black). Plants grown in a longer T-cycle than their internal clock period (Col-0 in a T28 cycle and lhycca1 in a T24 cycle) lay outside the three main clusters. The cluster structure was retained in the analysis that included short-and longphotoperiod treatments (Supplemental Fig. S14B ). Ws-2 and Col-0 in LD formed a new cluster, which showed some similarities to the large cluster with genotypes growing in a T-cycle that corresponded to their internal clock period. Ws-2 in SD was assigned to this large cluster. Col-0 in SD was assigned to the cluster that contained plants growing in a T-cycle that is longer than their internal circadian rhythm, possibly because the peak during the day was almost completely abolished (Fig. 7E ), similar to Ws-2 in T17 (Fig. 7B) .
Comparison of Changes in Leaf Angle after Dawn and after Dusk
In all genotypes, T-cycles, and photoperiods, there was a delayed rise in leaf angle after dusk (Fig. 7) . We aligned the various leaf angle time series to dusk (Fig.   Figure 7 . Diurnal hyponasty angles (HYP) of wild-type and mutant plants in different T-cycles and photoperiods. A, HYP of Col-0, Ws-2, lhycca1, and prr7prr9 in a 12-h-light/12-h-dark cycle (T24). B, HYP of Ws-2 and lhycca1 in an 8.5-h-light/8.5-h-dark cycle (T17). C, HYP of Col-0 and prr7prr9 in a 14-h-light/14-h-dark cycle (T28). D, HYP of Col-4, Ws-2, pif4pif5, and elf3 in a 12-h-light/ 12-h-dark cycle (T24). E, HYP of Col-0 and Ws-2 in an SD photoperiod with 8 h of light/16 h of dark (T24). F, HYP of Col-0 and Ws-2 in an LD photoperiod with 16 h of light/8 h of dark (T24). Diurnal changes in hyponasty were averaged for each plant over all sequential T-cycles, and means and SD were computed for n $ 10 plants for each genotype, represented by lines and color-shaded areas, respectively, and a sliding median filter with a window of 1 h was applied. Time is given in hours after dawn (ZT). The data were collected from the same experiments as the RER determinations in Figures 1 and 2 and Supplemental Figure S9. 9B; Supplemental Fig. S15A ) and computed the first derivative of the leaf angle time series ( Fig. 9C ; Supplemental Fig. S15B ). Averaged across all treatments, leaf angle started to increase 64 6 19 min after dusk, and peak elevation rate was reached 111 6 16 min after dusk. Closer inspection reveals that the time at which leaf angle started to increase was delayed slightly in Col-0 and Ws-2 in SD, in Col-0 in a T28 cycle, and in elf3 in a T24 cycle (about 90, 80, 90, and 110 min after dusk, respectively; Supplemental Fig. S15 ). The time at which peak rates of elevation were reached also was delayed (about 230, 140, 140, and 150 min after dusk, respectively). However, these delays were small compared with the 4-h advance in short photoperiods, the 4-h delay in dusk in long photoperiods, and the 2-h delay in a T28 cycle (relative to the time elapsing between dawn and dusk in a neutral T24 cycle). The relatively consistent delay in upward movement in different T-cycles, photoperiods, and genotypes with different clock periods indicates that it represents a time-delayed response to darkening. In agreement, the rise was abolished in LL. Interestingly, leaf angle started to rise about 8 h after subjective dawn after transfer to DD (Fig. 8B ). This indicates that the rise is triggered by darkening but gated by the clock, which suppresses it until ZT8, when the plant is left in the dark.
In all genotypes, T-cycles, and photoperiods, leaf angle decreased transiently and then recovered after dawn. Aligning the time series on dawn (Supplemental Fig. S16 ) revealed that this transient showed a similar timing in most treatments, with an average delay after dawn of 188 6 37 min until the angle started to rise again. There was no consistent effect of a mismatch between the clock period and T-cycle duration. The delay was slightly shorter for lhycca1 in a T24 cycle (140 min) and slightly longer for Col-0 in a T28 cycle (220 min) and for the two treatments where the T-cycle was shorter than their internal clock period (i.e. Ws-2 in a T17 cycle [240 min] and prr7prr9 mutants in a T24 cycle [290 min]). Amplitude depended on the T-cycle; for example, it was typically smaller when the T-cycle was longer than the clock period (Table I; Fig. 7, A and C) . Furthermore, amplitude was strongly attenuated in elf3. Overall, our results indicate that the transient changes in leaf angle after dawn and dusk are acute responses to light, but their amplitudes and in one case their timing may be modulated by the clock.
Temporal Interdependence of RER and Leaf Hyponasty
To investigate the temporal relationship between expansion growth and leaf movement, we first compared the correlation matrices for the RER and hyponasty time series (Figs. 4C and 9A ). Correlations are much stronger in the hyponasty than in the RER data set, probably reflecting the lower noise in the hyponasty data set. The matrices show some similarities and some differences. In both matrices, the wild types in a T24 cycle are in one cluster and Ws-2 in T17, prr7prr9 in T24, and prr7prr9 in T28 are in a second cluster. However, treatments in which the T-cycle is longer than the clock period (Col-0 in a T28 cycle and lhycca1 in a 24-h cycle) cluster together in the RER analysis but are strongly separated in the hyponasty analysis. Furthermore, lhycca1 in T17 and pif4pif5 in T24 cluster with wild-type T24 treatments in the hyponasty matrix but not in the RER matrix.
We also computed cross-correlation between the diurnal time series for RER and the leaf angle time series, varying the time shift between the two time series to identify the time shift (D) that maximizes the correlation (Table I; for an example, see Supplemental Fig. S18 ). We found no consistent temporal shift. In many cases, there was hardly any temporal displacement between RER and the change in leaf angle. In plants grown in a T-cycle longer than their circadian rhythm (e.g. Col-0 in T28 and lhycca1 in T24), hyponastic movement was delayed by 1.8 and 1.3 h compared with RER, respectively. Comparison of the RER and hyponasty time series may be dominated by the large transient changes after dawn and dusk. We repeated the time-shift analysis using the time series from free-running light where these transients are absent (Supplemental Fig. S18, A  and B ). This revealed a delay between RER and change in leaf angle of 2.3 and 1.5 h for Col-0 and Ws-2, respectively. To investigate whether the analysis was sensitive to time averaging, we repeated the analysis using RER and leaf angle data that was time averaged over 3 h rather than 1 h. This yielded similar delays (2.2 and 1.7 h in Col-0 and Ws-2, respectively; Supplemental Fig. S18, C and D) . We conclude that there is a delay of about 2 h between the circadian oscillations of RER and leaf angle but little or no time delay between the transients of RER and leaf angle after dawn and dusk.
Temporal Patterns of RER and Leaf Movement in Lower Red to Far-Red Light Regimes
Our experiments used a relative high ratio of red light to far-red light (R:FR) of 2.9. In two further experiments (Table I; Supplemental Fig. S19 ), we grew wild-type plants in R:FR of about 1, which is close to full natural sunlight (Smith, 1982) , and 0.23, which is similar to deep shade and the conditions used by Dornbusch et al. (2014) . Diurnal changes in RER at R:FR = 1 resembled those at R:FR = 2.9 ( Fig. 1; Supplemental Table S1 ), including the transient inhibition after dawn and the transient stimulation after dusk (Supplemental Fig.  S19A ). Analyses of RER at R:FR of 0.23 were complicated by high leaf angle (Supplemental Fig. S8C ) and by the long hypocotyl that led to plants occasionally tilting (Supplemental Fig. S19C) . Hyponastic movement at R:FR of 1 and 0.23 resembled that at high R:FR, with a decrease and recovery after dawn and a delayed increase after dusk (Supplemental Fig. S19, B and D) . To test if the analysis was sensitive to time averaging, we reanalyzed the R:FR = 0.23 leaf angle time series with time averaging over 3 h rather than 1 h (Supplemental Fig. S19E ). The rise in leaf angle after dusk was still delayed by approximately 1 h.
DISCUSSION Diurnal Changes in Leaf Expansion Growth in Wild-Type Arabidopsis in a T24 Cycle
The three wild types (Col-0, Col-4, and Ws-2) showed a qualitatively similar diurnal pattern in RER ( Figs. 1-3 ; Supplemental Fig. S9 ) with four main features. The first was a slow oscillation with a peak at about ZT4 (Figs. 1 and 2) that was maintained in free-running light (Fig.  3) . This oscillation was more marked in Ws-2. A similar oscillation in LL with a peak about 4 h after subjective dawn also was observed by Poiré et al. (2010) and Dornbusch et al. (2014) . The second was a transient inhibition of expansion growth after dawn ( Figs. 1 and  2 ; Supplemental Figs. S6 and S7). The third was a stimulation of expansion in the first 1 to 2 h after darkening ( Figs. 1 and 2; Supplemental Figs. S6 and S9 ). ) between rescaled hyponasty time series of different wild-type and mutant plants. For clustering analysis that also includes wild-type Col-0 and Ws-2 grown in SD and LD photoperiods, see Supplemental Figure S14 . Ws2_24 and Ws2_2_24 refer to the Ws-2 data series in a 12-h-light/12-h-dark cycle in Figure 1B and Supplemental Figure S9B , respectively. Clustering was performed using hierarchical single-linkage clustering with a Euclidean distance measure. The number of clusters was determined using silhouette scores (Supplemental Fig. S14A ), and the resulting clusters are color coded (1, red; 2, blue; 3, green; 4, black; 5, orange; 6, cyan). B, HYP aligned on dusk for all experiments, irrespective of the interval between dawn and dusk and the T-cycle duration. C, Change in HYP after dusk, given by the first derivative of the hyponasty time series. On average, leaf angle starts to increase 64 6 19 min after dusk (vertical dashed-dotted line), with a maximum rate of change at 111 6 16 min after dusk (vertical dashed line). Analogous analyses for the change in hyponasty at dawn are given in Supplemental Figure S16 .
Both transients shifted with the timing of dusk in SD and LD (Fig. 2) and were modified or abolished after transfer to LL (Fig. 3) , indicating that they are an acute response to light. Similar rapid transients were observed in some (Wiese et al., 2007; Dhondt et al., 2014) but not all (Dornbusch et al., 2014) previous studies (see also below). Fourth, average RER was higher in the night than in the light period ( Fig. 1; Table I ). This is not due to circadian regulation, as in LL average RER was not higher in the subjective night than in the subjective day (Fig. 3) . Most of these features were seen in the clock mutants. However, average growth was faster in the daytime than at night in lhycca1, RER did not decrease early in the light period in lhycca1, and the decrease after dawn was stronger and more sustained in prr7prr9.
Mismatch between Clock Period and the External LightDark Cycle Leads to an Earlier and Stronger Inhibition of Leaf Expansion in the Last Hours of the Night
Another feature emerged in treatments in which the internal clock period differed from the external T-cycle. Two scenarios can be distinguished, depending on whether clock period was shorter or longer than the duration of the light-dark cycle. The decrease in RER at the end of the night started earlier and was stronger in Col-0 in a T28 cycle and in the short-period lhycca1 mutant in a T24 cycle, and the premature decline in lhycca1 was relieved when lhycca1 was grown in a T17 cycle (Fig. 1) . Correlation-based clustering of the diurnal RER response assigned Col-0 in a T28 cycle and lhycca1 in a T24 cycle to the same cluster, distinctly separated from other treatments (Fig. 4) . The inhibition of growth in the last hours of the night in treatments where clock period is shorter than the external lightdark cycle (lhycca1 in T24 and wild-type Col-0 in T28) can be explained by premature exhaustion of starch. It is known that starch is prematurely exhausted in the short-period lhycca1 mutant in a T24 cycle and in wildtype plants in a T28 cycle (Graf et al., 2010; Yazdanbakhsh et al., 2011; Scialdone et al., 2013 ). An abrupt decline of growth also is seen in wild-type plants when the night is suddenly extended, coinciding with the depletion of starch (Gibon et al., 2004; Usadel et al., 2008; Graf et al., 2010) , and Dornbusch et al. (2014) showed that elongation growth resumes very rapidly after reillumination. A similar inhibition of root elongation in the last part of the night in lhycca1 was rescued by supplying Suc (Yazdanbakhsh et al., 2011) .
RER remained high until dawn when the internal clock period was longer than the external T-cycle in which the plants were grown; this response was observed for Ws-2 in a T17 cycle and prr7prr9 in a T24 cycle (Fig. 1) . Despite maintaining RER until dawn, the average RER over the whole night was decreased when the clock period was longer than the external light-dark cycle (Table I) . Low average RER at night in Ws-2 in a T17 cycle might be explained because starch is incompletely mobilized in this short T-cycle (Graf et al., 2010 ). An analogous explanation might hold for prr7prr9 in a 24-h cycle, but information about starch turnover in this mutant is needed to confirm this explanation. Ruts et al. (2012) showed that CCA1-overexpressing plants and especially the arrhythmic prr5prr7prr9 triple mutant contain elevated starch levels at dawn compared with wild-type Col-0 and proposed that this could explain their lower rates of growth during the night. However, in these arrhythmic clock mutants, it is not possible to distinguish between responses to changes in period and to strongly perturbed clock function.
Taken together, these findings are consistent with a key role for the clock in pacing starch degradation to the length of the night to optimize the use of newly fixed C while avoiding deleterious periods of C starvation in the last part of the night.
The Growth Phenotype of lhycca1 and prr7prr9 Is Only Partly Complemented by Matching the Clock Period with the External Light-Dark Cycle Dodd et al. (2005) reported that growth deficits in clock mutants with an altered clock period often can be reversed by matching the duration of the external lightdark cycle to the internal clock period, and Graf et al. (2010) proposed that this is partly because the clock paces starch turnover to the anticipated dawn. Our time-resolved studies reveal that many aspects of the growth phenotypes of clock mutants are not rescued by matching the external T-cycle to their clock period, pointing to further effects of the clock on extension growth.
Our results confirm that the short-period lhycca1 mutant (Alabadí et al., 2002; Mizoguchi et al., 2002; Salomé and McClung, 2005) grows more slowly than the corresponding wild-type Ws-2 in a T24 cycle. The overall growth phenotype is partly but not completely rescued when lhycca1 is grown in a short T-cycle ( Fig. 1 ; Table I ). The gain in growth in lhycca1 in a T17 cycle compared with a T24 cycle was mainly due to a restoration of expansion growth at the end of the night. However, lhycca1 commenced expansion growth after dawn more rapidly than wild-type Ws-2 in both a T24 cycle and a T17 cycle (Fig. 1) . Furthermore, whereas wild-type plants showed higher average RER during the night than the day, lhycca1 showed similar or faster expansion growth in the daytime than in the night even in a matching T17 cycle (Table I ). The occurrence of a distinct growth phenotype in lhycca1 that is unrelated to clock period length also is indicated by clustering, where lhycca1 in a T17 cycle grouped separately from wild-type plants in a T-24 cycle (Fig. 4) .
Compared with Col-0, the long-period prr7prr9 mutant expanded faster during the night and maintains growth until the end of the night (Fig. 1) . However, it showed a strong sustained inhibition of RER in the first part of the light cycle, and this daytime phenotype was not rescued in a T28 cycle (Fig. 1) . Period length in prr7prr9 has been reported to be as long as 32 h (Farré et al., 2005; Salomé and McClung, 2005) but is closer to 28 h when plants growing in the conditions used in our study are transferred to LL at growth irradiance (Flis et al., 2015) . The occurrence of a distinct growth phenotype in prr7prr9 that is not linked to the clock period length also is indicated by our correlation analysis, where prr7prr9 in a T28 cycle clusters more closely to prr7prr9 in a 24-h cycle than to treatments in which clock period matched T-cycle duration (Fig. 4) .
lhycca1 is deficient in the dawn clock genes and shows early expression of day, dusk, and evening genes, whereas prr7prr9 has high levels of LHY and CCA1 transcript until the end of the light period and strongly delayed expression of dusk and evening genes (Pokhilko et al., 2012; Fogelmark and Troein, 2014; Flis et al., 2015) . One possible explanation for the stimulation of expansion growth after dawn would be that LHY or CCA1 restricts expansion growth at dawn and that this inhibition is relieved as the dawn components are repressed. The faster growth after dawn in lhycca1 would be explained by the absence of the dawn component, and the stronger and more sustained inhibition of growth in prr7prr9 might be explained by the continued expression of LHY and CCA1 through the light period. Another explanation would be that the day genes act positively on expansion growth in the first part of the light period. Ruts et al. (2012) showed that expansion growth in the light is increased by overexpression of CCA1 and also is increased relative to that in the night in prr5prr7prr9. This might indicate that CCA1 and LHY act independently on expansion growth. However, interpretation of the response in CCA1-overexpressing lines and especially prr5prr7prr9 is complicated because they are arrhythmic. Furthermore, any action of the dawn or day components might be direct or indirect via opposing action on the dusk or evening components.
Independent of these details, the interaction between the circadian clock and expansion growth in Arabidopsis rosettes differs from that in hypocotyls. First, the circadian peak is in the subjective light period. Second, as also pointed out by Dornbusch et al. (2014) , whereas the evening complex inhibits hypocotyl extension in the middle of the T-cycle by repressing PIF4 and PIF5 (Nozue et al., 2007; Nusinow et al., 2011) , in rosettes, the diurnal regulation of leaf elongation is affected only weakly in the pif4pif5 mutant, and elongation in the middle of the T-cycle is inhibited rather than stimulated by the loss of ELF3 function (Dornbusch et al., 2014) .
Multiple Factors Inhibit Expansion Growth after Dawn and Stimulate Expansion Growth after Dusk
RER decreased transiently after dawn in almost all genotypes and treatments (Fig. 5) . This decrease cannot be fully explained by circadian regulation. In LL, RER started to rise 2 to 4 h before subjective dawn in Ws-2 and just before subjective dawn in Col-0, where the oscillation was rather weak (Fig. 3) . In a light-dark cycle, light and/or C signaling may modify these circadian oscillations, leading to a delay in the onset of expansion growth.
RER showed a strong transient stimulation after dusk in almost all investigated genotypes, T-cycles, and photoperiods ( Figs. 1 and 2; Supplemental Figs. S6 and  S9) . The transient stimulation after dusk was independent of the duration of the light period ( Fig. 2;  Supplemental Fig. S9 ) and was abolished in LL (Fig. 3) . These observations point to darkening leading to a transient stimulation of RER. A similar transient was observed in some (Wiese et al., 2007) but not all (Dornbusch et al., 2014) previous studies with Arabidopsis.
The transient inhibition of expansion growth after dawn and stimulation after dusk may be due partly to changes in leaf water deficit. Similar transients have been observed in many species, including monocots such as maize (Zea mays), wheat (Triticum aestivum), rice (Oryza sativa), and silvergrass (Miscanthus spp.) and dicots like sunflower (Helianthus annuus) and Arabidopsis (Boyer, 1968 (Boyer, , 1988 Christ, 1978; Cutler et al., 1980; Clifton-Brown and Jones, 1999; Poiré et al., 2010) . They have been attributed to evapotranspiration, leading to a decrease in xylem and leaf water potential in the light (Salah and Tardieu, 1997; Tang and Boyer, 2008; Ache et al., 2010; Pantin et al., 2011 Pantin et al., , 2012 Pantin et al., , 2013 . Comparison of leaf size at successive dawns and dusks in Arabidopsis in different growth conditions and genotypes has provided evidence that the lower rate of expansion in the daytime compared with the night is related to a more negative leaf water deficit in the light (Pantin et al., 2011 (Pantin et al., , 2012 (Pantin et al., , 2013 . Our higher temporal resolution indicates that much of this effect may be due to transient inhibition and stimulation of growth after illumination and darkening, respectively. The rates attained later in the light period and night are similar, pointing to the possibility that compensatory responses (Pantin et al., 2012) allow delayed adjustment of leaf expansion to changes in water deficit.
Relationship between Expansion Growth and the Synthesis of Structural Cell Components
Leaf growth requires two interlocking processes: (1) cell expansion due to water uptake into the vacuole, which is driven by water status, cellular osmolarity, and increased cell wall extensibility (Carpita and Gibeaut, 1993; Gonzalez et al., 2012; Pantin et al., 2012) ; and (2) synthesis of cell wall, protein, and other structural components. These will interact to determine final leaf size, protein concentration, and cell wall thickness. These are important attributes for leaf function and are modified in response to environmental conditions (Poorter and Nagel, 2000; Poorter et al., 2009) .
As already mentioned, expansion growth is faster in the night than during the light period (Table I ; Supplemental Fig. S13 ). This contrasts with structural cellular components, which are synthesized faster in the light period than in the night. The latter was shown by whole-plant C balance modeling, using measurements of photosynthesis, respiration, and starch and metabolite levels, and confirmed by analyses of polysome loading as a qualitative proxy for the rate of protein synthesis (Pal et al., 2013; Sulpice et al., 2014) and by performing dynamic 13 CO 2 labeling to measure absolute rates of protein and cell wall synthesis (Ishihara et al., 2015) . Temporal uncoupling of expansion growth and the synthesis of cellular components is relatively small (about 2-fold) in long photoperiods and becomes larger (up to 10-fold) as the photoperiod is shortened (Fig. 6) .
Preferential expansion at night and the synthesis of structural components in the light may reflect their differing dependence on energy, C, and water. Expansion growth may be more dependent on the water status, which is likely to be more favorable in the dark (Pantin et al., 2012) , whereas the synthesis of structural cellular components is strongly dependent on energy and C, which are more readily available in the light, especially in short photoperiods. Ruts et al. (2012) proposed that the low rates of expansion of CCA1-overexpressing plants and especially the arrhythmic prr5prr7prr9 triple mutant during the night might be due to the incomplete mobilization of starch. It is possible, however, that the incomplete mobilization of starch in these arrhythmic mutants is due to lower demand due to decreased growth at night. Interactions between resources may be further modified by environmental and physiological signals and developmental responses. Structural biomass decreases relative to leaf area in low light or in mutants with decreased rates of photosynthesis (Boardman, 1977; Fichtner et al., 1993; Tardieu et al., 1999) , including Arabidopsis (Cookson and Granier, 2006; Pantin et al., 2011) . C starvation limits leaf expansion in the night in the starchless pgm mutant (Wiese et al., 2007; Apelt et al., 2015) , and application of GA 3 rescues expansion but not the synthesis of structural biomass (Paparelli et al., 2013) . Furthermore, the growth of very young leaves, which is primarily due to cell division, is faster in the night and more dependent on the C supply, whereas the growth of larger leaves, which is mainly due to cell expansion, is faster in the night (Pantin et al., 2011 (Pantin et al., , 2012 (Pantin et al., , 2013 . These findings raise questions about how these temporally and spatially separated processes are coordinated over a longer time frame to regulate final leaf size and composition. Integration of information by the clock about the environment and the physiological status at checkpoints such as dusk and dawn may play an important role in this coordination.
Clock and Light Signaling Affect Hyponastic Movement
Hyponastic leaf movement in Arabidopsis is thought to depend on uneven cell expansion rates in the abaxial and adaxial parts of the petiole (see introduction). Diurnal changes in hyponasty and RER (Figs. 1, 2 , and 7; Supplemental Figs. S6 and S9) exhibit three similarities: (1) a slow oscillation that is maintained in LL; (2) a rapid decrease in RER and leaf angle after dawn; and (3) a delayed marked increase in RER and leaf angle after dusk. Furthermore, higher average RER in the night coincides with a higher average leaf angle.
Comparison of the various mutants and light regimes provides insights into how the clock interacts with other inputs to regulate leaf orientation. Leaf angle in wild-type Col-0 and Ws-2 shows a slow oscillation in LL, with a peak rate of increase about 6 h after subjective dawn and a maximum angle about 10 to 12 h after subjective dawn (Fig. 8) . A similar circadian oscillation was reported for Col-0 by Dornbusch et al. (2014) . Like the oscillation in RER, the amplitude of oscillation in leaf angle was more pronounced in Ws-2 than in Col-0. The impact of this circadian oscillation can be seen clearly in light-dark cycles (Fig. 7) , including the more pronounced rise of leaf angle from ZT3 onward in Ws-2 than in Col-0, the earlier decline in the light period in the short-period lhycca1 mutant in a T24 cycle, and the rise in leaf angle before dawn in Col-0 in a T28 cycle and in lhycca1 in a T24 cycle. Furthermore, the peak of the endogenous oscillation at about 10 to 12 h after subjective dawn in a free-running light cycle (Fig. 8) corresponds to when leaf angle peaks in a 12-or 16-h photoperiod for Ws-2 and Col-0 in a T24 cycle and for Col-0 in a T28 cycle (Fig. 7) .
The amplitude of hyponastic movement was smaller in prr7prr9. This might be due, in principle, to one of three factors: (1) the endogenous oscillation in leaf angle is driven by PRR7 and/or PRR9; (2) the oscillation is suppressed by LHY and/or CCA1, whose expression remains high for most of the light period in prr7prr9 (see above); or (3) the oscillation depends on dusk and evening components, whose rise is delayed in prr7prr9 (see above). A major role for LHY and CCA1 appears unlikely, because the changes in leaf angle at day were similar in lhycca1 and wild-type Ws-2, except for a slight delay of the former, which can be explained by the short period of this mutant. Furthermore, the hyponastic phenotype of lhycca1 in a T17 cycle showed a very high correlation to that of Ws-2 in a T24 cycle (r 2 = 0.86) and clustered with wild types in a T24 cycle. In contrast, the hyponasty phenotype of the prr7prr9 mutant in a T28 cycle did not correlate well with Col-0 in a T24 cycle and, instead, clustered most closely with prr7prr9 in a T24 cycle. These results point to the involvement of day clock components in the increase in leaf angle during the light period.
A role for ELF3 in promoting the increase in leaf angle from ZT3 onward seems unlikely, as elf3 showed a high angle throughout the 24-h cycle both in our study (Fig.  7) and previously (Dornbusch et al., 2014) . As ELF3 plays a key role in the integration of light signals (Zagotta et al., 1996; Dowson-Day and Millar, 1999; Niwa et al., 2009) , it is possible that the high and rather constant leaf angle might be due to the attenuation of light responses rather than to the loss of a clock output. Nevertheless, there was still a small decrease in angle after dawn and an increase after dusk in elf3 (Supplemental Fig. S16 ), indicating that irradiance still affects leaf angle in the absence of ELF3 function.
Leaf angle decreased in the first hour after dawn in all genotypes and conditions ( Fig. 7; Supplemental Fig.  S16 ). This coincided with the timing of the endogenous oscillation in LL, which was at a minimum at about subjective dawn, but the decline was accentuated in light-dark cycles. Furthermore, while the endogenous oscillation was stronger in Ws-2 than in Col-0 (see above), the transient decline after dawn was similar in both wild types. Also, the kinetics and amplitude of the decline were not modified in a consistent manner by a mismatch between clock period and the external T-cycle. Thus, while low leaf angle at dawn may be due partly to circadian regulation, it is accentuated by light.
Another dominant feature of the diurnal hyponastic response was a delayed rise in angle after dusk, starting about 1 h and reaching a maximum rate of increase about 1.6 h after dusk ( Fig. 9; Supplemental Fig. S15 ). While this rise was abolished in LL, an increase in leaf angle was seen in DD, starting approximately 8 h and being completed approximately 14 h after subjective dawn (Fig. 8 ). These observations are consistent with the idea that the increase in leaf angle is a response to a lightdark transition but is gated by the clock such that it cannot occur until about 8 to 9 h after dawn. In agreement, the rise after dusk was delayed slightly in Ws-2 and Col-0 in an 8-h photoperiod (Supplemental Fig. S15 ). It is interesting that the proposed time interval during which the clock prevents a dark-dependent increase in leaf angle corresponds to the time at which the rise in leaf angle starts to slow down in a free-running light cycle and the time at which the leaf angle peaks in the light period in wild-type plants in a 12-or 16-h photoperiod.
Transient changes of leaf angle after dawn and dusk were detected in several Arabidopsis accessions by Bours et al. (2012) , who used the apparent distance between the rosette center and leaf tips in a 2D image as an approximation for leaf movement. While there were transients in leaf angle after dawn and after dusk previously (Dornbusch et al., 2014) , they were less marked than in our study. Dornbusch et al. (2014) used a low R: FR similar to shade light, whereas we used a high R:FR for most of the experiments. We observed similar transients at low R:FR, but they became less obvious when we applied a 3-h moving average similar to that used by Dornbusch et al. (2014; Supplemental Fig. S19 ). Indirect evidence for the involvement of phytochrome signaling is provided by the decreased amplitude of leaf movement after dawn and dusk in the pif4pif5 mutant, both in our study (Fig. 7) and previously (Dornbusch et al., 2014) .
Relation between Diurnal Changes in RER and Leaf Movement
Comparison of the timing of leaf expansion growth and leaf movement is complicated because both responses involve an interaction between an endogenous oscillation and transient changes after dawn and dusk. When only the oscillations in free-running light are considered, there is a delay of 1.5 h in Ws-2 and 2.3 h in Col-0 between changes in RER and leaf angle (Table I ; Supplemental Fig. S18 ). This is not dissimilar to the 3-h delay estimated by Dornbusch et al. (2014) . In contrast, the transient responses of RER and leaf movement after dawn and dusk do not show a marked or consistent time offset (Table I) . Irrespective of the reason for these transients, the contrasting temporal relationship between RER and leaf movement in the circadian oscillation and the transients make it unlikely that there is a direct causal relationship and indicate that the time offset in the endogenous oscillation is more likely to be due to differences in the timing of the upstream clock output.
CONCLUSION
In conclusion, both leaf expansion growth and hyponastic leaf movement show strong diurnal changes that are driven by a circadian oscillation, overlaid by large transient changes after dawn and dusk that are probably due to direct or indirect responses to light, including changes in water status. The circadian peak in expansion at about ZT4 may be due to positive regulation by day clock components or recovery from inhibition by dawn components. In addition to driving an endogenous oscillation in RER, the clock paces starch breakdown to avoid transient starvation and the inhibition of growth at the end of the night. The endogenous oscillation in expansion growth is strongly modified by the lightdependent transients after dawn and dusk. Furthermore, expansion growth is faster in the night, whereas the synthesis of cellular components is faster in the light period. This may reflect the differing dependence of these processes on energy, C, and water. The circadian oscillation plays a more visible role in hyponastic movements in light-dark cycles, and day clock components may play a major role in promoting an increase in leaf angle during the first part of the T-cycle.
MATERIALS AND METHODS
Plant Material
Arabidopsis (Arabidopsis thaliana) accessions Col-0, Col-4, and Ws-2 were obtained from the institute seed stock (Dr. Karin Köhl, Max Planck Institute of Molecular Plant Physiology). Clock mutants prr7.3/prr9.1 (Salomé and McClung, 2005) , lhy.11/cca1.21 (Hall et al., 2003) , and elf3.4 (Zagotta et al., 1996) were provided by Andrew Millar (University of Edinburgh). pif4pif5 was provided by Karen Halliday (University of Edinburgh).
Experimental Setup and Imaging System
Arabidopsis accessions were grown in 10-cm-diameter pots filled with soil and soaked overnight in water containing fungicide and boric acid solution. In each pot, four equidistant spots were initially sown with 10 to 20 seeds per spot. The seeds were germinated in a growth chamber (model E-36L; Percival Scientific; http://www. (Kelly and Lagarias, 1985) . A daylight cutoff filter (850-nm longpass filter) ensures equivalent image exposure during the day and the night. The setup enables a time resolution of five images per hour per plant. The camera was initially calibrated using RxLive software (version 2.8; Raytrix) to detect microlens positions and devignette the microlens images. For each recording, it simultaneously provides a focus image (PNG image; 3,288 3 2,192 pixels, eight-bit depth, 2.9 MB) and a depth image (PNG image; 3,288 3 2,192 pixels, 16-bit depth, 6.6 MB) from which the 3D surface of the recorded plant may be reconstructed (Supplemental Fig. S1 ). Parameters for the computation of the metric depth information from the grayscale depth images were determined using printed discs of known sizes as well as a real plant imaged under different angles (Apelt et al., 2015) . In our experimental setup, the spatial resolution of the camera is more than 35 pixels mm 21 .
Automated Image Analysis of Plant Growth and Leaf Movement
Phytotyping 4D employs an automated image-processing pipeline that accurately segments a given plant from the soil background and computes various biologically relevant features of plant growth behavior. Detailed definitions and descriptions can be found in Supplemental Methods S1 and Apelt et al. (2015) . By combining light-field camera-based focus and depth images, the pipeline measures plant 3D surface areas via triangulation. From the segmented plants and their 3D areas, their RERs are derived. By further segmenting individual leaves of a given plant, the average leaf area-weighted angle between the leaf base and tip is computed as a measure for leaf hyponasty.
To enable robust statistical analyses, at least 12 plants per studied genotype and condition were imaged. To avoid artifacts from plants with severe growth defects, outliers were excluded. To this end, for a given genotype and condition, we computed the diurnal RER time series for all plants and performed a principal component analysis (PCA) on these time series (Jolliffe, 2002) . For the first two principal components, we computed the average, or center, and SD across plants and excluded plants lying more than 2 SD from the center. We then performed a second PCA-based filtering to remove further outliers whose RERs differed in features not resolved by principal components of the first PCA. All diurnal RERs and hyponastic patterns were calculated with a sliding median of 1 h.
Statistical Analyses
RER and leaf angle data are shown as means 6 SD, calculated from n (n . 10) individual plants. To test for differences between the diurnal RERs, we applied independent, equal-variance Student's t tests to single time points as well as over 1-h sliding windows, where unsmoothed RERs of different plants were considered separately ( Figs. 1 and 2 ; Supplemental Figs. S7 and S9) . Differences between average growth rates per cycle, per light period, or per night also were determined using independent, equal-variance Student's t tests (Supplemental Fig. S12 ).
Clustering of RER and hyponasty time series (Figs. 4C and 9A; Supplemental Figs. S11 and S14) was performed on the pairwise Pearson correlation matrix of the time series, whereby high correlation coefficients indicate high similarity of the two time series. To compare time series RER and hyponasty angles across different genotypes, T-cycles, and photoperiods, the diurnal time series were aligned at dawn (to align different T-cycles) or at dawn and at dusk (for different photoperiods, equidistant data points of the longer periods were deleted to match the length of the shorter period), enabling the calculation of Pearson correlation coefficients (Fig. 4B) . The resulting correlation matrix was clustered using hierarchical single-linkage clustering with a Euclidean distance measure (Fig. 4C ). Cluster quality was measured using silhouette scores (Rousseeuw, 1987) , and the highest number of clusters before a steep decline in the silhouette score was selected for clustering (Supplemental Figs. S11 and S14; Rousseeuw, 1987) .
Discrete Fourier transformation was used to detect the dominant oscillation frequency in RER time series of Col-0 and Ws-2 wild-type plants grown in LL, indicated by the peak amplitude in the Fourier spectrum (Fig. 3, C and D) . To quantify the nonrandomness of this oscillation, we shuffled the RER data 100 times and recomputed the Fourier spectrum for each randomized time series. A z-score was used to measure the distance between the Fourier peak amplitude of the biological data and the amplitude at the corresponding oscillation period of the randomized data.
Accession Numbers
Sequence data from genes studied in this article can be found in the GenBank/EMBL data libraries under the following gene identifier codes: At5g02810 (PRR7), At2g46790 (PRR9), At1g01060 (LHY), At2g46830 (CCA1), At2g43010 (PIF4), At3g59060 (PIF5), At2g25930 (ELF3).
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Simplified clock model. Figure S2 . Representative image data from Phytotyping 4D comprising a focus image and a depth image from which the 3D surface of the plant may be reconstructed.
Supplemental
Supplemental Figure S3 . Light-field camera focus images of Arabidopsis wild-type and mutant plants.
Supplemental Figure S4 . Increase in total plant 3D surface area over time for wild-type and mutant plants under different conditions.
Supplemental Figure S5 . Analysis of the origins of SD in time series of growth rates and leaf hyponasty angles and heat maps of individual diurnal RER and diurnal hyponastic patterns for an example experiment.
Supplemental Figure S6 . Diurnal RER and diurnal hyponastic pattern for individual plants in all experiments.
Supplemental Figure S7 . Diurnal RER, Student's t test results, and twoway ANOVA results for unsmoothed data.
Supplemental Figure S8 . Heat maps indicating the proportion of the rosette at different angles for Col-0, Ws-2, and elf3 under standard growth conditions and Ws-2 under low R:FR.
Supplemental Figure S9 . Diurnal RER of wild-type and elf3 and pif4pif5 mutant plants in a T24 cycle in neutral-day conditions.
Supplemental Figure S10 . Dawn alignment of RER time series in the second part of the night to allow comparison of predawn RER in different genotypes and T-cycles Supplemental Figure S11 . Silhouette plots for clustering of RER treatments, and clustered heat map of all rescaled RER time series for all performed experiments, including short and long photoperiods.
Supplemental Figure S12 . Testing for the significance of differences in average RER during the light period, the dark period, and the complete diurnal cycle via pairwise testing (independent two-sample Student's t test P values).
Supplemental Figure S13 . Comparison of the distribution of expansion growth and the distribution of C deposition in structural biomass in wild-type Col-0 growing in different photoperiods.
Supplemental Figure S14 . Silhouette plots for clustering of RER and clustered heat map of rescaled hyponasty time series of all performed experiments, including short and long photoperiods.
Supplemental Figure S15 . Hyponasty angle and change in hyponasty angle after dusk for wild-type plants in short, neutral, and long photoperiods.
Supplemental Figure S16 . Hyponasty angle and change in hyponasty angle at the start of the light period, aligned to dawn. Figure S17 . Dependence of hyponasty amplitude on petiole length of different wild-type and mutant plants under different conditions.
Supplemental Figure S18 . Cross-correlation analysis of growth rates and changes in leaf hyponasty angle in wild-type Col-0 and Ws-2 after transfer to LL and comparison of different methods for smoothing of the time series.
Supplemental Figure S19 . Diurnal changes in RER and leaf angle in light regimes with R:FR of 1 and 0.23.
Supplemental Table S1 . Overview of experiments.
Supplemental Methods S1. Automated image analysis of plant growth and leaf movement.
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